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Martin C, Sun W, Elefteriades J. Patient-specific finite element analysis of ascending aorta aneurysms. Am J Physiol Heart Circ Physiol 308: H1306 -H1316, 2015. First published March 13, 2015 ; doi:10.1152/ajpheart.00908.2014.-Catastrophic ascending aorta aneurysm (AsAA) dissection and rupture can be prevented by elective surgical repair, but identifying individuals at risk remains a challenge. Typically the decision to operate is based primarily on the overall aneurysm size, which may not be a reliable indicator of risk. In this study, AsAA inflation and rupture was simulated in 27 patient-specific finite element models constructed from clinical CT imaging data and tissue mechanical testing data from matching patients. These patients included n ϭ 8 with concomitant bicuspid aortic valve (BAV), n ϭ 10 with bovine aortic arch (BAA), and n ϭ 10 with neither BAV nor BAA. AsAA rupture risk was found to increase with elevated systolic wall stress and tissue stiffness. The aortic size index was sufficient for identifying the patients with the lowest risk of rupture, but unsuitable for delineating between patients at moderate and high risk. There was no correlation between BAV or BAA and AsAA rupture risk; however, the AsAA morphology was different among these patients. These results support the use of mechanical parameters such as vessel wall stress and tissue stiffness for AsAA presurgical evaluation.
ascending aorta aneurysm; aortic rupture; finite element; bicuspid aortic valve; bovine aortic arch AORTIC ANEURYSMS present significant clinical risk as 50% of untreated aortic aneurysms in high-risk patients will rupture within 1 year (16) . Ascending aorta aneurysm (AsAA) rupture is a catastrophic event with an estimated mortality rate of up to 90% (41) . AsAA rupture is preventable by elective surgical repair, which is typically recommended for patients with an AsAA dilated to 55 mm or greater (9, 20) . However, the overall AsAA diameter may not accurately reflect a patient's risk (3, 9, 11) : small aneurysms (Ͻ45 mm) have been known to rupture (9) . Ultimately, AsAA rupture is a mechanical event occurring when the vessel wall stress exceeds the strength of the tissue. For this reason, attention has turned towards biomechanical analyses to better understand the underlying mechanisms governing AsAA pathogenesis (1, 4, 23-25, 29, 36, 39) .
Several groups have used computational methods to study thoracic aorta biomechanics (1, 4, 24, 25, 29, 36, 39) . Through finite element (FE) and fluid-structure interaction (FSI) analyses, it has been shown that the locations of peak wall stress correspond to common dissection initiation points just above the sinotubular junction (STJ) (24, 29) and distal to the left subclavian ostium (24) . The peak wall stress in aneurysms of the aortic arch is correlated to the overall aneurysm size as expected, but also the eccentricity, which may be a factor in the rupture of small aneurysms (4) . Aortic root motion and hypertension have also been shown to significantly increase the wall stress (1) . The main limitations of these studies are the use of simplified, isotropic tissue properties, which are not patientspecific (1, 4, 24, 25, 29, 36, 39) , idealized geometries (36, 39) , and lack of tissue failure criteria (1, 4, 24, 25, 29, 36, 39) . In these studies, the peak vessel wall stress was the biomechanical index of interest; however, the accurate AsAA tissue properties and geometries, which can vary greatly among individuals, are necessary for accurate stress prediction. Furthermore, rupture is dependent not only on the vessel wall stress, but also the vessel wall failure strength, which may become compromised in particular patients by underlying microstructural changes brought on by aging (13, 26) , disease progression (40) , or other factors (12, 35) . Therefore, the patient-specific tissue strength and the aortic wall stress are both critical for assessing AsAA rupture potential.
In a previous study from our group (30) , the tissue elastic and failure strength properties were characterized for AsAA tissues resected from patients undergoing elective AsAA repair. Patients with concomitant bicuspid aortic valve (BAV) and bovine aortic arch (BAA) were studied specifically to gain a better understanding of why these patients may be more susceptible to AsAA and dissection (10, 14, 42) . BAV and BAA are common congenital malformations of the aortic anatomy. In BAV, the aortic valve is formed with only two leaflets rather than the typical three, and in BAA the innominate and left carotid arteries originate from a common stem off the aortic arch rather than distinct branches as in most patients. The mechanical testing data were used to analytically predict the AsAA wall stresses and rupture criteria (23), i.e., AsAA diameter and blood pressure to induce rupture for each patient. Through this analysis, decreased AsAA tissue compliance in addition to increased wall tension was identified as a potential marker for rupture risk. The main limitation of the analytical method (23) was that an idealized cylindrical AsAA geometry was assumed and thus the effect of the patient's specific AsAA geometry on the vessel wall stress was not taken into account. To address this limitation, in the present study, patient-specific AsAA FE models were constructed for a total of 27 patients studied previously (23, 30) , for whom cardiac computed tomography (CT) scans were obtained. Utilizing this unique matching dataset of individual patient imaging data, and AsAA tissue elastic and failure properties (30) , AsAA rupture risk was assessed on a truly patient-specific level using FE.
MATERIALS AND METHODS

Patient Data
Deidentified clinical cardiac CT scans and resected AsAA tissues were obtained for a total of 27 patients who underwent elective AsAA repair at Yale-New Haven Hospital between the years of 2008 and 2010, following an IRB-approved protocol. All subjects provided written, informed consent. These patients included n ϭ 8 with concomitant BAV (AsAA-BAV), n ϭ 10 with concomitant BAA (AsAA-BAA), and n ϭ 10 with neither BAV nor BAA (AsAA-only). One patient had both BAV and BAA. A set of approximately 100 -150 axial CT images with a resolution of 0.7 mm ϫ 0.7 mm ϫ 2.5 mm containing the thoracic and abdominal aorta were obtained for each patient. All patients underwent cardiac CT scans because of suspected AsAA prior to elective repair. The AsAA tissue elastic and failure properties for the same patients were characterized in a previous study (30) . Briefly, the tissues were subjected to planar biaxial mechanical testing (33) , to determine the tissue stress-strain response for the following circumferential to axial First Piola-Kirchhoff tension, , ratios: c:a ϭ 0.75:1, 0.5:1, 0.3:1, 1:1, 1:0.75, 1:0.5, 1:0.3. Two strips of tissue were then prepared from the biaxial test specimens: one in the circumferential direction and one in the axial direction. Each strip of tissue was uniaxially stretched to failure to determine the tissue uniaxial stress-strain response in each direction. The following clinical data were also obtained for each patient: the systolic/diastolic blood pressure, age, sex, height, weight, and aneurysm diameter.
Reconstruction of Patient-Specific Systolic AsAA Geometry
The three-dimensional AsAA surface geometry was reconstructed from the clinical CT data for each patient using Avizo 6.3 software (Burlington, MA). The aorta was segmented semiautomatically in Avizo by adjusting the pixel intensity thresholds to isolate the AA geometry from the neighboring tissues (Fig. 1A) . The surface geometry was exported from Avizo and imported into Altair HyperMesh 12.0 (Altair Engineering) to create shell-element AsAA FE models containing the ascending aorta (AA) just distal to the sinotubular junction (STJ) to the descending aorta (DA) (Fig. 1B) . The AsAA FE models were constructed with 4-node quadrilateral shell elements (S4) approximately 1 mm ϫ 1 mm in size in Abaqus 6.13 FE software (Simulia, RI). Mesh convergence analysis demonstrated that this element size was adequate for accurate stress predictions.
AsAA FE Modeling
Determine the systolic stretches. The AsAA FE mesh generated from CT data is in the pressurized condition. The AsAA pressure at that time was assumed to be equivalent to the systolic cuff pressure obtained for that particular patient. For FE analysis, the initial, undeformed AsAA models should be constructed with the AsAA geometries at the zero-stress, unpressurized state. Using the AsAA mesh generated directly from the CT data (i.e., at the pressurized state) for FE analysis would result in unrealistic AsAA dilation. Thus, in this study, the systolic AsAA meshes were transformed to obtain the unpressurized geometry using the following approach. Treating the AsAA as a thin-walled cylindrical pressure vessel as often done (8, 12, 18, 20, 23) , the systolic wall tension in the circumferential (systolic hoop tension), t c sys , and axial directions, ta sys , are given by the Law of Laplace:
where P sys and Dsys are the systolic AsAA pressure and diameter, respectively. Since the wall tension in the circumferential direction is twice of that in the axial direction, the 1:0.5 circumferential to axial biaxial tension protocol data, collected from the dissected AsAA samples (30) , mimics the in vivo loading condition. Following the method presented previously (23) , the AsAA tissue stress-stretch response for the 1:0.5 biaxial tension protocol was then extrapolated to the physiological tension level. The circumferential and axial tissue stretches at the systolic condition, c sys and a sys , respectively, were then inversely determined (Fig. 2) . Determine the vessel centerline. The vessel centerline of each AsAA FE mesh was calculated using a custom Matlab (Mathworks, MA) script. Using the script, each AsAA mesh was graphically divided into approximately 10 roughly cylindrical segments along the length of the aorta (Fig. 3A) . For more tortuous vessels, more segments were used. The center point in each segment was determined using the Matlab built-in unconstrained nonlinear optimization function, "fminunc," to minimize the variance of the array of distances from each node of the mesh within the segment to the center point of the segment. The AsAA centerline was then obtained by fitting the center points for all of the segments with a 3D spline curve (Fig. 3A) . The AsAA centerline was used to define a local cylindrical coordinate system for every point (node) in the systolic AsAA mesh. The maximum AsAA diameter at each point along the centerline was calculated in the script by determining the maximum distance between two nodes within the local r Ϫ plane. The aortic size index (ASI) (5) was calculated along the centerline by dividing the diameter at each location by the patient's body surface area (6) .
Transform the systolic AsAA mesh. The coordinates for each node in the systolic AsAA mesh were transformed to obtain the corresponding nodal coordinates in the unpressurized geometry. To achieve this, each node in the systolic mesh was scaled by 1/ c sys and 1/a sys in the circumferential and axial directions, respectively, as defined by the local cylindrical coordinate system. The resulting shell-element unpressurized AsAA mesh was assigned a uniform thickness equivalent to the patient-specific stress-free tissue thickness (Table 1 ) measured during the mechanical test protocol (30) .
Constitutive Modeling of AsAA Tissue
Tissue elastic properties. The AsAA tissue elastic properties were modeled with the Fung-type strain energy function given by (4) where c and A 1-6 are material constants and E is the Green strain. The material parameters were obtained by simultaneously fitting the experimental data from stress-controlled biaxial test protocols using the Marquardt-Levenberg nonlinear regression algorithm with SYSTAT B A Systolic Un-pressurized 
Tissue failure was considered when ⌶ Ն ⌶ f, where ⌶f is the failure equivalent strain calculated for each patient by
The failure energy, W f, was calculated from the uniaxial failure strength test data collected previously (30) by the Simpson's Trapezoid Rule for numerical integration:
where S is the Second Piola Kirchhoff stress, E f is the Green strain corresponding to the ultimate tensile stress, and N is the number of subintervals within [0,E f]. The tissue failure criterion was implemented in Abaqus FE software for this study via a user-material subroutine for the Fung-type constitutive model (Eqs. 3 and 4) (37) . Elements meeting the failure criteria were deleted from the model via the element deletion utility in Abaqus. The rupture criterion was only applied to the region surrounding the maximum diameter of each model to avoid premature failure due to potential boundary effects. For most patients, uniaxial failure data were obtained for AsAA tissue samples in both the circumferential and axial directions (30) , in which case the lower of the two calculated ⌶ f values was used as the failure criterion. The ⌶f values used in each simulation are given in Table 1 .
Simulation and Analysis of AsAA Inflation and Rupture
AsAA inflation was simulated in two steps. In step 1, systolic inflation was simulated by applying a peak uniform pressure equal to the specific patient's systolic blood pressure to the luminal surface of the entire vessel model. In step 2, the luminal pressure was slowly increased from the systolic pressure until the vessel ruptured. The AsAA models were left open at the proximal end to mimic the systolic condition in which the aortic valve is open, and closed off at the distal end of the DA, and at the branching arteries along the arch. It is assumed that these boundary conditions had minimal impact on the FE results for the AsAA portion of the models, which was the region of interest. The AsAA model deformation was constrained by two boundary conditions. The nodes along the vessel circumference at the proximal end were only allowed to deform in the radial direction, as defined by the local cylindrical coordinate system. The nodes along the closed portion of the distal end were fixed in all directions. No other constraints were imposed on the model.
The step 1 simulation results were used to measure the AsAA diameter at diastole, D dias, and systole, Dsys, from the deformed AsAA FE mesh at the corresponding diastolic, Pdias, and systolic, Psys, pressure levels. Each diameter measurement represented the distance between the same 2 nodes in the mesh at the maximum diameter level determined from the centerline analysis. These values were used to calculate the pressure-strain modulus, PS mod, which was shown previously to be an indicator of AsAA rupture risk (23) , the tension-strain modulus, TSmod, and the distensibility (20) at Psys, distsys, by
The peak AsAA wall maximum principal stress at systole, MaxSsys, was also extracted from the simulation results at the completion of each simulation step at the maximum diameter level. The FE predicted D sys was compared with the maximum diameter of the AsAA mesh reconstructed directly from the CT imaging data representing the "ground truth" systolic diameter. In some cases the simulated and ground-truth AsAA geometries at the systolic condition did not match; thus c sys was adjusted, the unpressurized AsAA geometry was regenerated, and the simulation was rerun until there was good agreement (within ϳ1% error) between the two.
The step 2 simulation results were used to assess the rupture criteria. The failure diameter, D f, was measured on the deformed mesh at the time increment immediately preceding rupture. The diameter risk ratio proposed previously (23) , D sys/Df, was used to indicate rupture risk. As the diameter risk ratio approaches 1, the AsAA reaches its elastic capacity. A diameter risk ratio Ͻ0.9 indicates that the AsAA can still dilate over 10% beyond the systolic level before rupturing (low rupture risk), a diameter risk ratio between 0.9 and 0.95 indicates that rupture will occur at 5-10% dilation beyond the systolic level (moderate risk), and a diameter risk ratio Ͼ0.95 indicates that rupture will occur at Ͻ5% dilation beyond the systolic level (high risk). Considering a 50 mm AsAA and a 1 mm per year growth rate (9) a patient with a D sys/Df Ͼ 0.95 could experience rupture within 2.5 years.
The failure pressure, Pf, was considered to be the applied pressure at the time increment of rupture. The failure diameter, failure pressure, and rupture risk were also analytically predicted using the published method (23) for comparison.
The Pearson product nonparametric test was used to determine correlation between the following patient characteristics and the predicted rupture risk: systolic/diastolic blood pressure, age, sex, ASI, PS mod, TSmod, distsys, MaxSsys, presence of a BAV, and presence of a BAA. For the binary parameter categories, patients received a value of 1 for the presence of BAV, BAA, or male sex and a 0 for an absence of these characteristics. The patients were grouped by AsAA morphology (AsAA-only, AsAA-BAV, and AsAA-BAA) as well as risk level (low, moderate, and high) for comparison. The Student's t-test and nonparametric Mann-Whitney rank sum test were used to compare the means between two groups. Paired Student's t-tests were used to determine differences in analytically and FE predicted values. In all cases a P value Յ 0.05 was considered to signify a statistically significant event.
RESULTS
The analytical and FE results are presented in Table 2 . All values presented in the subsequent sections are given as means Ϯ SD unless specified otherwise.
AsAA Systolic Inflation Simulation
Each unpressurized AsAA model was inflated with a uniform systolic pressure. The FE deformed meshes at systole were compared with the original meshes generated from the surface geometries segmented from the CT data. The inaccurate boundary conditions (closed vessel) and loading conditions at the branching vessels and DA resulted in discrepancies between the FE deformed geometry and the original CT systolic geometry surrounding these locations; however, the AA portion of the deformed FE mesh matched the ground truth. Figure 4 shows the AA portion of the FE deformed geometry at systole for patient BAV19 overlaid with the initial CT surface geometry. The FE predicted systolic AsAA diameter for patient BAV19 was 54.1 mm compared with the ground truth diameter of 54.3 mm, giving a percent error of 0.38%. The percent error in the FE predicted systolic diameter for all the patients studied was only 0.47 Ϯ 0.31%. Therefore, the FE simulations resulted in realistic AsAA deformation under uniform pressurization. Representative systolic inflation simulation results are shown in Fig. 5 , top panel. The wall stress distribution was highly dependent on the unique AsAA geometry, but the peak wall stress was typically located along the inner curvature of the vessel at the maximum diameter level. There was no difference in the mean peak systolic wall stress between the patient groups. The mean maximum principal stress at systole was 471 Ϯ 88 kPa for AsAA-only patients, 484 Ϯ 115 kPa for AsAA-BAV patients, and 496 Ϯ 198 kPa for AsAA-BAA patients.
AsAA Rupture Simulation
AsAA rupture in the maximum diameter region was simulated in each FE model by incrementally increasing the luminal pressure from the patient-specific systolic pressure until rupture was achieved. The mean predicted rupture diameter and pressure was 51 Ϯ 5 mm and 409 Ϯ 323 mmHg, respectively. The analytically predicted AsAA failure diameters were 1 mm larger than the FE predicted failure diameters on average (P ϭ 0.029) corresponding to a 5% difference. The differences between the FE and analytically predicted rupture pressures were much larger on average, approximately 40%, although they were not significantly different (P ϭ 0.147). Typically the analytically predicted rupture criteria were slightly larger than CT FE deformed the FE predicted values; thus rupture risk could be underestimated in the analytical predictions.
Representative simulation results at rupture are shown in Fig. 5 , bottom panel. The predicted failure diameters for patient BAA12 (Fig. 5A), BAV19 (Fig. 5B), AsAA3 (Fig. 5C ), and BAA7 (Fig. 5D) were 52, 60, 52, and 46 mm, respectively. The predicted failure pressures for these patients were 1,515, 842, 283, and 139 mmHg, respectively. Rupture was typically initiated along the inner curvature (n ϭ 12) (Fig. 5, C and D) or the anterior quadrant (n ϭ 13) (Fig. 5B) , and less frequently along the outer curvature (n ϭ 1) (Fig. 5A ) and posterior quadrant (n ϭ 1). The rupture location generally correlated with the peak systolic stress location. Rupture propagated circumferentially in 3 of 10 AsAA-only models, 4 of 8 AsAA-BAV models, for instance the one shown in Fig. 5B , and 6 of 10 AsAA-BAA models. Rupture propagated axially in the remaining models, as in Fig. 5C . All of the results are presented in Table 2 .
Analysis of AsAA Morphology
There were AsAA morphological differences between the patient groups. The AsAA-BAV patients had larger systolic diameters than the AsAA-only patients (51 Ϯ 2 vs. 45 Ϯ 3 mm, P ϭ 0.010). There was no significant difference in the mean systolic diameters between the AsAA-BAA (47 Ϯ 7 mm) and the other groups. In all cases, the peak vessel diameter was located along the ascending portion of the aorta. However, as shown in Fig. 6 , the AsAA-only patients typically presented with a peak diameter in the proximal AA and more dilation in the arch and DA, particularly at the isthmus, compared with the other groups. The AsAA-BAV patients presented with pronounced dilation in the middle of the AA and nearly no dilation in the DA, and the AsAA-BAA patients presented with more uniform dilation throughout the AA with some dilation in the arch and DA (Fig. 6) .
The mean peak ASI for patients with a diameter risk ratio Ͻ0.9 was significantly less than that for patients with a diameter risk ratio Ͼ0.9 (2.0 Ϯ 0.3 vs. 2.5 Ϯ 0.4, P ϭ 0.024). Figure 7 shows a trend for patients with a high diameter risk ratio to have increased ASI values in the AA. The ASI in the descending portion of the aorta was similar for all groups, but slightly larger for patients with a diameter ratio Ͼ0.95 at the isthmus. Patients with a small diameter risk ratio tended to have more uniform dilation along the length of the aorta, particularly in the AA.
Analysis of AsAA Rupture Risk
AsAA-BAV patients had larger predicted failure diameters compared with AsAA-only patients (55 Ϯ 4 vs. 48 Ϯ 3 mm, P ϭ 0.014) (Fig. 8) , but similar to AsAA-BAA patients (51 Ϯ 6 mm). However, there were no significant differences in the predicted rupture pressures between the groups. AsAA-only, AsAA-BAV, and AsAA-BAA patients had mean rupture pressures of 373 Ϯ 185, 317 Ϯ 232, and 518 Ϯ 451 mmHg, respectively (Fig. 8) .
The predicted rupture pressure decreased dramatically with increasing diameter risk ratio. The mean predicted rupture pressure for patients with a diameter risk ratio Ͻ0.9 was 753 Ϯ 548 mmHg compared with 427 Ϯ 217 mmHg for patients with a diameter risk ratio between 0.9 and 0.95, and 234 Ϯ 108 mmHg for patients with a diameter risk ratio Ͼ0.95 (Fig. 9A) . The diameter risk ratio was also positively correlated with the peak systolic wall stress ( ϭ 0.497, P ϭ 0.008), the pressurestrain modulus ( ϭ 0.413, P ϭ 0.0322), and the tension-strain modulus ( ϭ 0.466, P ϭ 0.014). Figure 9 , B and C, shows increasing wall stress and tension-strain modulus with increasing diameter risk ratio. Interestingly, there was not a clear trend between the maximum systolic diameter and the diameter risk ratio. The mean predicted systolic diameter was significantly smaller for patients with a diameter risk ratio Ͻ0.9 (42 Ϯ 5 mm) compared with those with a diameter risk ratio between 0.9 and 0.95 (P ϭ 0.002), and greater than 0.95 (P ϭ 0.033); however, the mean systolic diameter was actually highest in the patients with a diameter risk ratio between 0.9 and 0.95 (Fig. 9D) .
Other trends observed were positive correlation between the tension-strain modulus and patient age ( ϭ 0.476, P ϭ 0.012), as well as between the female sex and ASI ( ϭ 0.528, P ϭ 0.010) due to the smaller body surface areas ( ϭ 0.547, P ϭ 0.007) and similar aortic diameters ( ϭ Ϫ0.308, P ϭ 0.119) of female patients. Trends approaching statistical significance were positive correlation between the diameter risk ratio and the systolic hoop tension ( ϭ 0.369, P ϭ 0.058), the tensionstrain modulus and peak systolic wall stress ( ϭ 0.360, P ϭ 0.065), as well as the tension-strain modulus and the female gender ( ϭ 0.349, P ϭ 0.075).
DISCUSSION
AsAA Biomechanics at Systole
The predicted AsAA wall stresses at systole were consistent with thoracic aorta FE results in the literature. The peak vessel wall stress was typically located along the inner curvature of the AsAA at the maximum diameter level, consistent with published FE results for the nondilated (24) and dilated thoracic aorta (25) . The peak wall stress was typically higher in larger AsAAs, as seen in aortic arch aneurysm FE models (4), although the correlation between peak systolic stress and diameter was not significant ( ϭ 0.324, P ϭ 0.099). The peak wall stress also tended to increase with blood pressure as in thoracic aorta FE models (1), but this trend was also not significant ( ϭ 0.340, P ϭ 0.083). The systolic inflation simulation results were also consistent with in vivo measurements of AsAA biomechanics. Koullias et al. (20) quantified the in vivo AsAA distensibility in 33 patients using epiaortic echocardiography and found that the dilated AA has a distensibility of 2.498 Ϯ 0.35 mmHg Ϫ1 ϫ 0.001, which is very similar to the mean AsAA distensibility calculated in this study (2.23 Ϯ 1.03 mmHg Ϫ1 ϫ 0.001).
AsAA Rupture Characteristics
The mean predicted AsAA failure diameter of 51 Ϯ 5 mm is consistent with the clinical finding that most dissections occur in AsAAs that are between 50 and 54 mm in diameter (9) . The analytically predicted failure diameter of 53 Ϯ 6 mm also falls within this range. The discrepancies in the analytical and FE predicted values arise because the analytical predictions were made based on the wall stresses calculated by the Laplace law, i.e., a thin-walled idealized cylindrical geometry was assumed, while the FE predictions were made based on the wall stresses in the true patient-specific geometry. The hoop stress calculated by the law of Laplace represents the approximate average circumferential wall stress experienced in the true vessel at the maximum diameter level, but the peak wall stress was often higher due to local curvature and eccentricity. Differences in the local loading conditions also contributed to the discrepancies in the results. While in the analytical cases a perfectly cylindrical geometry and ratio of circumferential to axial wall stresses of 1:0.5 was assumed, in regions of pronounced dilation the vessel becomes less cylindrical and more spherical, and thus the ratio of circumferential to axial wall stresses may be closer to 1:1. The differences in the analytical and FE predicted rupture pressures were much larger than those for the rupture diameter due to the nature of the nonlinear pressurediameter response where small changes in diameter result in large changes in pressure at high (rupture level) pressures. This effect contributed to the large range of predicted rupture pressures (117-1,515 mmHg). Each patient's risk of rupture was quantified by the diameter risk ratio. The predicted rupture pressures dropped off dramatically with increasing diameter risk ratio. Note that the predicted rupture pressure for the high risk group (D sys /D f Ͼ 0.95) was 234 Ϯ 108 mmHg, which is in the range of blood pressures observed during intense physical or emotional exertion (9) . The diameter risk ratio was most closely correlated with the peak vessel wall stress and the tension-strain modulus. This finding is consistent with clinical observations that wall stress increases (20) and distensibility decreases as the aorta enlarges (20, 21) , and also in vitro mechanical testing data of AA tissues showing increased stiffness in dilated samples compared with nondilated controls (17, 40) . While it is well accepted that vessel rupture risk is related to the peak vessel wall stress, the association between rupture risk and tissue stiffness is a relatively new finding (23) . Increased tissue stiffness may be associated with detrimental microstructural changes such as elastin fragmentation (17) , that may weaken the tissue. In fact there was a trend for decreased failure equivalent strain with increased tension-strain modulus ( ϭ Ϫ0.332, P ϭ 0.091), similar to the decreased yield stress observed in abdominal aorta aneurysm samples with increased stiffness (19) .
Interestingly, the systolic hoop tension was not significantly correlated with the diameter risk ratio, indicating that the patient-specific geometry and tissue properties are necessary to accurately predict the vessel wall stresses. Unfortunately, obtaining patient-specific AsAA material properties for preoperative evaluation is a challenge that remains to be addressed. Inverse FE methods to determine the in vivo tissue properties must be further explored before this can be achieved. The tension-strain modulus may be a more practical clinical metric of rupture risk because it is much simpler to calculate, and was able to better differentiate moderate-and high-risk patients than the AsAA diameter in this study. Pulse wave velocity measurements could also be beneficial in assessing AsAA wall stiffness in vivo (2, 22) . The ASI can also be used to identify patients at low risk of rupture (ASI Ͻ 2).
Effect of BAV and BAA
One possible explanation for the differences in AsAA morphologies between the disease groups is likely differences in aortic hemodynamics. The AsAA-only patients exhibited less bulging of the AA than the AsAA-BAV and AsAA-BAA patients, which may be due to more homogeneous AA flow. The increased DA dilation in AsAA-only patients may have been an aging effect. The AsAA-only patients were older than the AsAA-BAV (P ϭ 0.017) and AsAA-BAA patients (P ϭ 0.021) by 10 and 11 years, respectively, and even the nonaneurysmal aorta will dilate with aging. The pronounced AA dilation in AsAA-BAV patients may have been a result of elevated AA wall stresses of BAV patients due to eccentric aortic flow near the valve (29) . There has been little study on BAA-associated hemodynamics, but clinically thoracic aortic dissections more commonly initiate in the aortic arch in patients with BAA as opposed to the AA in patients without BAA (7), which suggests that BAA patients have altered arch hemodynamics and may explain the distal AA dilation in the AsAA-BAA patients studied.
The overall peak systolic wall stress was similar for all of the patient groups. This finding is in contrast to the results from Nathan et al. (25) . Nathan et al. (25) used patient-specific FE models of the thoracic aorta to predict the AA wall stresses in diameter-matched BAV and tricuspid aortic valve patients and found that peak wall stresses were higher and oriented differently in BAV patients (540 Ϯ 60 vs. 500 Ϯ 90 kPa). While the peak wall stresses predicted in the present study are within the same range (484 Ϯ 115 vs. 471 Ϯ 88 kPa), there was no difference between the groups. The discrepancy in the results compared with Nathan et al. (25) may be due to differences in the material properties used. In Nathan et al. (25) , BAV and tricuspid aortic valve patients were assumed to have the same AsAA material properties, which were modeled as linear and isotropic. In the present study, the FE models were assigned the patient-specific material properties defined by the nonlinear and anisotropic Fung-type constitutive model.
There was, however, a significant difference in the predicted failure diameters between the patient groups, with AsAA-BAV patients having the largest predicted failure diameters. This is in agreement with the International Registry of Acute Aortic Dissections report that the proportion of dissections occurring at smaller sizes (Ͻ55 mm) was actually higher among patients without BAV or Marfan syndrome (27, 38) . It is suggested that patients with BAV have a ninefold increased risk of AsAA dissection compared with those with tricuspid aortic valve (21, 31) . Of the patients studied, 75% of the AsAA-BAV patients had predicted rupture pressures within the physiological range (Ͻ300 mmHg), while only 50% of the AsAA-only and 30% of the AsAA-BAA patients had predicted rupture pressures within this range, which suggests that patients with concomitant BAV may be at higher risk of rupture; however, there was no statistically significant difference in the mean rupture pressures predicted for the three groups. The elevated dissection risk in BAV patients observed clinically may also be due to the reduced delamination strength of these tissues (28), which was not considered in this study.
Limitations
The sample size was small for statistical analysis. For this reason, AsAA-BAV and AsAA-BAA patients were grouped together regardless of specific morphology, i.e., leaflet fusion types in BAV and artery branching in BAA, which may play a role in AsAA mechanics. Also, the AsAA-BAV and AsAA-BAA patients were not age-and size-matched with the AsAAonly patients, which made it difficult to compare these groups.
Several simplifications were also made in the FE models. The CT data used in this study were not gated and there could be some error in the reconstructed AsAA models and presented diameter measurements due to the resolution of the images. Vessel residual stress was ignored in this analysis, because the dissected aneurysm samples obtained were already cut into small square specimens and in the stress-free state; thus, it was not possible to measure the residual stresses. Therefore, 2D shell elements were utilized to represent the neutral axis wall response. The AsAA tissue properties were assumed to be homogeneous throughout the FE models, because only one small AsAA sample from the maximum diameter region was tested for each patient (30) ; however, AsAA tissues may exhibit local weakening and thinning (32) . In the future, growth and remodeling constitutive modeling frameworks, such as that proposed by Humphrey and Rajagopal (15) , may be incorporated into the AsAA FE models, to investigate local tissue property changes, global AsAA growth, and rupture potential over time with the progression of disease. Also, the AsAA tissue failure properties used in models were based on uniaxial failure experiments (30) , while in vivo AsAA rupture occurs under multiaxial loading conditions. Vessel inflation was simulated by applying a uniform pressure to the luminal surface, and hence fluid flow was ignored. The luminal pressure was assumed to be equivalent to the patient's cuff pressure. Therefore, peak wall stresses may have been underestimated, particularly in BAV patients, in which the AA blood flow is highly eccentric (29) . Also, AsAA dissection was not modeled because it is assumed to be related to wall shear stress induced by the blood flow. Finally, because all of the patients studied received elective AsAA repair prior to dissection or rupture, validation of the rupture predictions is not feasible.
Conclusions
In this study, 27 patient-specific AsAA FE models were constructed from clinical CT imaging data and tissue mechanical testing data from matching patients. AsAA inflation was simulated under systolic pressure to visualize the physiological wall stresses, and supraphysiological pressures to assess rupture potential. Patients at low risk of rupture tended to have ASI values less than 2. Vulnerable AsAAs tended to have elevated wall stresses and increased tissue stiffness. There was no association between the overall AsAA diameter and the rupture risk. These results support the use of mechanical parameters for AsAA presurgical evaluation. The presence of a BAV or BAA had an impact on the AsAA morphology, but not on the risk of AsAA rupture. However, by using a strictly structural approach, the vessel wall stresses may have been underestimated particularly in the BAV patients where the AA flow is highly eccentric. Future fluid-structure interaction analyses will be important for assessing the impact of the AsAA hemodynamics on rupture and dissection risk.
